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The genome of bacteriophage Tuc2009 consists of 38347 base pairs on which 57 open reading frames (ORFs) were identified, divided in
two oppositely transcribed regions. The leftward-transcribed region harbors three ORFs, two of which are involved in the establishment of
lysogeny. The rightward-transcribed region contains 54 ORFs, which are assumed to be required for the lytic life cycle. An exception to the
above organization is ORF 10, of unknown function, located within the rightward-transcribed region that has an orientation opposite to the
ORFs surrounding it. Transcriptional analysis of the Tuc2009 genome following infection of a sensitive host revealed that most ORFs are
transcribed in a sequential manner. ORFs that are presumed to form (part of) the genetic switch along with the superinfection exclusion-
encoding gene are transcribed immediately after infection, followed by transcription of the presumed replication region. Subsequent to this,
several small transcripts could be identified followed by a single 24-kb transcript. This latter transcript was shown to specify most of the
identified structural proteins as well as two proteins required for host lysis. Interestingly, the 24-kb mRNA was shown to undergo splicing
through the activity of a type I intron whose removal from the mRNA resulted in the formation of an ORF specifying a major structural
protein. Primer extension analysis was employed to identify the 5Vends of mRNA transcripts and the genome and transcriptional data are
discussed in relation to other lactococcal bacteriophages.
D 2004 Elsevier Inc. All rights reserved.
Keywords: Lactococcus lactis; Temperate phage; Transcription; Group I intron; Structural proteins; Bacteriophage; Lactococcus; Lysogeny; DNA; mRNA;
Genome; IntronIntroduction
Bacteriophages are omnipresent in the environment and
the global population has been estimated at 1031 individuals
making them the most abundant biological entities on Earth0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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CRJJ, 78352 Jouy-en-Josas, France.(Hendrix et al., 2003). Their ubiquity has resulted in practical
challenges for the dairy industry where lactic acid bacteria
(LAB) are utilized for the production of fermented food
products under nonsterile conditions. For years researchers
have studied phage–host interactions in LAB with the goal of
improving the phage-resistance properties of choice fermen-
tative strains (Coffey and Ross, 2002; Mc Grath et al., in
press; Stanley et al., 2003). This effort has resulted in dairy
phages becoming one of the most thoroughly investigated
phage systems with respect to genome data (Bru¨ssow, 2001;
Bru¨ssow and Hendrix, 2002; Desiere et al., 2002). All LAB
phages identified to date (along with the majority of all other
phages) possess a tail and a double-stranded DNA genome004) 40–52
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mann, 2003). These tailed phages represent an extremely
diverse group with genome sizes ranging from 17 to 700 kb
and tail lengths from 10 to 800 nm. Most members of this
order are endowed with a long, non-contractile tail, which is
used as a distinguishing feature for phages that are grouped
in the family Siphoviridae (Ackermann, 2003). Lactococcal
phages have been differentiated into 12 separate species
(Jarvis et al., 1991), of which 936, c2, and P335 are the most
prevalent in the dairy industry (Bru¨ssow, 2001). The
growing abundance of completed bacteriophage genomes
in the databases (214 at the time of writing) has allowed
researches to conduct extensive comparative analyses of
phages which take into account not only sequence sim-
ilarity, but also includes topological considerations of
genome organization (for reviews, see Bru¨ssow and Desiere,
2001; Bru¨ssow and Hendrix, 2002; Desiere et al., 2002).
These types of analyses have led to the proposal of a new
taxonomic classification scheme for phages infecting low
G + C content Gram-positive bacteria, with phages being
grouped into either the Sfi21-like or Sfi11-like genus of
Siphoviridae (Desiere et al., 2002). Proux et al. (2002) have
further refined this concept and defined five distinct genera
within the Siphoviridae family. However, this scheme is not
incontrovertible as it depends on the individual life-cycle
specific genome module on which the comparison is based.
We therefore suggest that the expansion of this concept to
classify phages from the number and type of these life-cycle
specific modules present on a given phage genome may be
of broader application.
The P335 group of lactococcal phages contain both
lysogenic and lytic members, whereas members of the 936
and c2 groups identified to date are strictly lytic (Labrie
and Moineau, 2002; Mc Grath et al., in press). The first
complete P335 phage genome sequence published was
that of r1t (van Sinderen et al., 1996). The genome of this
temperate phage is arranged in two divergent clusters with
open reading frames (ORFs) believed to be involved in the
lysogenic life cycle transcribed in the opposite direction to
the remaining ORFs, which are associated with the lytic
life cycle. The ORFs involved in the lytic life cycle are
composed of several functional modules which are tran-
scribed and organized in a way reflecting the chronolog-
ical order of the life cycle itself, that is, those ORFs
required for replication are transcribed first and are located
at the proximal end of the gene cluster, followed by
modules involved in DNA packaging, morphogenesis and,
finally, cell lysis. All other temperate P335-type phage
whose genomes have been sequenced appear to exhibit
this type of gene organization. At the time of writing, the
complete genome sequences of eight P335 phages are
available in the public databases (inclusive of Tuc2009).
Detailed and illuminating comparative analyses of these
phages have been published which shed light on their
ancestry and genetic mosaicism both with other member
P335 phages as well as phages infecting disparate bacterialgenera (Blatny et al., 2004; Chopin et al., 2001; Labrie
and Moineau, 2002).
In this paper we discuss the primary structure of the
Tuc2009 phage genome in conjunction with a detailed
analysis of the temporal pattern of mRNA transcription
during the Tuc2009 lytic life cycle. The results are placed in
a relative context with regards to the molecular biology of
other LAB bacteriophage with specific reference to mem-
bers of the P335 group.Results
Sequencing of the phage Tuc2009 genome
The entire genome of Tuc2009 was sequenced as
described in Materials and methods. Both DNA strands
were sequenced with an average redundancy of almost four
and assembled into one contig to reveal a genome unit
length of 38347 bp and a GC-content of 36.22%, similar to
that of its lactococcal host (Bolotin et al., 2001). Computer-
generated restriction patterns were similar to those obtained
experimentally, thus indicating that no major assembly
mistakes had occurred.
Identification and organization of ORFs
Based on the adopted criteria that an ORF consists of
at least 30 codons and is preceded by a potential Shine–
Dalgarno sequence at an appropriate distance (6–15 bp)
from one of the commonly used start codons (AUG,
GUG, or UUG), a total of 55 ORFs were identified (Table
1, Fig. 1). Two additional ORFs were identified which did
not comply to the above identification rules. ORF 32 does
not appear to have a conventional ribosomal binding site
or start codon, and is separated from the preceding ORF
31 only by the stop codon UAG (the presence of which
was verified by repeated DNA sequencing) (see below).
Another ORF with no obvious translation start signals is
ORF 39. Self-splicing of a type I intron, which removes the
mRNA covering ORF 38, is shown here to result in a fusion
of ORF 37 and 39 (see below).
The identified ORFs are organized in two oppositely
oriented clusters, one consisting of 3 and the other of 54
ORFs. An exception to this general arrangement is ORF
10, which is oriented in a direction opposite to that of the
surrounding ORFs. A region that is presumed to be
involved in the control of the lytic and lysogenic life
cycles separates these clusters. All ORFs are closely
linked, often overlapping and with only few short inter-
genic regions (see Fig. 1). Genes that are required for the
establishment of lysogeny (i.e., the genes specifying
repressor and integrase) as well as the gene specifying
superinfection exclusion are oriented in one direction,
while most of the other genes are oriented in the opposite
direction. The majority of the ORFs appear to be
Table 1
Coordinates, predicted molecular weight (MW), and functions assigned for Tuc2009 ORFs
ORF Coordinates Mol Wt
(kDa)
Start
codon
Stop
codon
Similarity Identity
aa (%)
1 (integrase) 1218–94 43.23 AUG UAA Int bIL285, ORF32 Bk5-T, Int LC3 98–99
2 (sie2009) 1860–1339 18.65 AUG UAA ORF173 LC3, ORF2 r1t 100
4 (repressor) 2781–1921 32.15 AUG UAA ORF286 LC3 98
cI-like BIL309, Rro r1t, ORF35 Bk5-T 72–78
5 (cro) 3023–3253 8.72 AUG UAG ORF76 LC3, ORF11 S. aureus phi 11,
PRP S. pyogenes MGAS8232
56–76
6 (Anti-repressor) 3267–3983 27.73 AUG UAG ORF238 ul36, ORF236 LC3, ORF238 31 87–97
Putative anti-repressor TPj-34 51
7 3996–4331 12.93 AUG UGA ORF111a ul36, ORF35 Bk5-T, ORF110 LC3, ORF6 r1t 97–100
8 4328–4456 4.89 AUG UAG ORF8 bIL286, ORF8 bIL285, ORF40 Bk5-T 97–100
9 4469–4663 7.55 UUG UAG ORF9 bIL286, ORF9 bIL285, ORF41 Bk5-T, ORF77 ul36 95–98
10 4953–4660 9.94 AUG UAG ORF10 bIL286, ORF10 bIL285, ORF92 31.1 97–98
11 5038–5253 9.40 AUG UAG ORF11 bIL285, ORF11 bIL286, ORF1 31 98–100
12 5255–5353 3.70 AUG UGA ORF12 bIL285, ORF12 bIL286 96–100
13 5369–5887 20.12 AUG UGA ORF13 bIL285, ORF10 TPW22 94–100
14 (topoisomerase) 5896–6519 24.04 AUG UAA ORF14 bIL285, ORF11 TP901-1 97–99
ORF36 sk1, E12 bIL66 61–62
15 (ssb) 6519–6971 16.06 AUG UAA Single-stranded DNA binding protein,
ORF15 bIL285, ssb TP901-1
96–99
ORF15 bIl286, ORF141 ul36 64–66
16 (rep2009) 7096–7878 29.28 GUG UAA Rep Q30, Rep Q33, ORF16 bIL285, ORF255 ul36 98–99
17 (DnaC-helicase loader) 7878–8603 27.01 AUG UGA ORF17 bIl285, ORF241 ul36,
DnaC Q30
97–100
18 (Methylase) 8600–9358 29.35 AUG UAA PRP S. pyogenes MGAS8232,
ORF13 7201
65–68
19 (RusA-Holiday
junction resolvase)
9348-9737 15.76 UUG UAA ORF18 bIL285, ORF129 LC3,
ORF14 r1t,
ORF129 ul36
96–97
20 9741–9980 9.35 AUG UAA ORF52 Bk5-T, ORF16 r1t, Orf79a LC3,
ORF79 UL36
89–98
21 10092–10271 6.92 AUG UAA Q30/ul36A, ORF 225 LC3, ORF10 31,
ORF17 r1t
98–100
22 10261–10830 22.41 AUG UAG ORF18 r1t, ORF24 bIL286, ORF23 bIL285,
ORF11 31
92–96
23 10841–11236 15.49 AUG UAA ORF25 S. pneumoniae phi MM1, S. aureus phi 13 33–35
24 11229–11774 20.99 AUG UGA ORF190 LC3 70
ORF27 bIL285, ORF23 bIL309, ORF19 TP901-1 42–52
25 (dutpase) 11771–12190 15.26 AUG UGA ORF141 LC3, Dut TP901-1, ORF20 r1t, ORF29 bIL286 97–98
26 12193–12444 8.95 AUG UAA ORF21 r1t 75
ORF89 LC3, ORF30 bIL286, ORF118A ul36 48–57
27 12437–12619 7.00 AUG UGA Unknown
28 (Activator of 12722–13144 16.63 AUG UGA ALT TP901-1, ORF36 bIL309, ORF36 bIL286 70–72
late transcription) ORF38 bIL285 32
29 13546–14376 32.09 AUG UAA ORF1 Cyanophage S-PM2 33
30 (Small sub-unit
terminase)
14449–14910 17.30 AUG UAG CHP Enterococcus faecalis V583, Unknown Bacillus
halodurans, Terminase bIL310
60–66
PRP Bordetella pertussis 44
31 (Large subunit
terminase)
15070–15264 7.74 GUG UAG ORF462 ul36, TerL TP901-1, Large subunit
terminase from E. faecalis V583
55–68
32 (Large subunit
terminase)
15265–16473 45.95 CUU UAA TerL TP901-1, ORF462 ul36 95–97
Large subunit terminase from E. faecalis V583 69
33 (Portal protein) 16486–17847 51.99 UUG UGA ORF32 TP901-1, ORF435 ul36 68–71
CHP S. pyogenes SSI-1, SPP1 Portal protein 23–44
34 17844–18884 39.70 AUG UAA ORF346 ul36, ORF33 TP901-1 94–95
PRP S. pyogenes M1GAS, PRP S. pyogenes MGAS8232 32–33
35 18930–19262 12.79 AUG UAA Putative major head protein Lb. johnsonii prophage Lj928 39
36 (Scaffolding protein) 19388–20050 24.52 AUG UAA Scaffolding protein TP901-1, Scaffolding protein B1,
Scaffolding protein ul36
96–98
37 (MP4: Major 20052–20219 6.04 AUG UAA MHP B1, MHP TP901-1, 94–100
Head Protein) Putative MHP from S. pyogenes phi NIH1.1 53
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Table 1 (continued)
ORF Coordinates Mol Wt
(kDa)
Start
codon
Stop
codon
Similarity Identity
aa (%)
38 (Intron) 20390–21322 35.28 AUG UAA ORF C S. aureus phi Twort 31
39 (MP4: Major
Head Protein)
21488–22183 24.30 GAG UAA MHP B1, MHP TP901-1, Putative MHP
from S. pyogenes phi NIH1.1
99
40 22183–22383 7.65 AUG UGA ORF 37 TP901-1 98
41 22367–22699 12.83 AUG UGA ORF 110 ul36, ORF 38 TP901-1 90–92
Lj928 prophage gene 51
42 22696–23 004 11.92 UUG UAA ORF 103 ul36, ORF 39 TP901-1 92–93
PRP S. pyogenes MGAS8232 35
43 23004–23330 11.96 AUG UGA ORF40 TP901-1 66
PRP S. pyogenes MGAS8232 44
Putative major tail protein phi Lj928 38
44 (MP2: Major
Structural Protein)
23327–23716 14.78 AUG UAG ORF 41 TP901-1, ORF 129B ul36 94–99
PRP S. pyogenes MGAS8232 67
45 (Major Tail Protein) 23727–24224 16.81 AUG UAA MTP ul36, MTP TP901-1, 87–100
PRP S. pyogenes MGAS8232 42
46 24340–24657 12.47 AUG UAG ORF 43 TP901-1 100
PRP S. pyogenes MGAS8232, ORF116 ul36 36–48
47 24714–25034 12.83 AUG UAA ORF 44 TP901-1, 100
ORF89B ul36, 70
PRP S. pyogenes MGAS8232 36
48 (Tail Tape
measure protein)
25049–28126 110.26 AUG UAG TMP TP901-1, 78
TMP ul36, 41
TMP S. aureus phi 13 28
49 (Structural protein) 28136–28897 29.12 AUG UAG ORF 46 TP901-1, ORF 253 ul36 95
Tail protein E. faecalis V583 36
50 (Tal2009) 28897–31617 101.11 GUG UAG ORF 47 TP901-1, ORF 908 ul36,
Putative tail-host specificity bIL285
83–95
51 (Structural protein) 31630–32598 36.40 AUG UAA Minor structural protein ul36,
ORF 48 TP901-1, ORF 55 bIL285
80–95
52 (Structural protein) 32600–33460 31.85 AUG UAA ORF 303 ul36, Putative fiber protein L. lactis phage bIL77 72–88
Minor structural protein L. lactis phage c2 33
53 (MP1: Baseplate
protein)
33479–34000 18.88 AUG UAG BPP TP901-1, BPP ul36, BPP LC3 47–66
54 34013–34237 8.69 AUG UAA ORF58 bIL286, ORF74 LC3, ORF50 TP901-1 94–97
55 (Neck Passage
Structure)
34250–36280 73.33 AUG UAA Putative Accessory Fiber protein bIL170, NPS LC3,
MSP r1t, NPS TP901-1
71–73
56 (Holin) 36305–36571 9.67 AUG UGA Hol TP901-1 Holin LC3/TPW22 97–98
Holin E. faecalis phi V583 56
57 (Lysin) 36568–37854 46.32 AUG UAA Lysin LC3, Endolysin phi AM2, Lysin ul36,
Lys TP901-1
93–95
58 38035–38220 6.83 AUG UAA ORF 50 r1t, ORF 80 LC3 90–100
Homologies to proteins in the database are given between brackets. Many predicted Tuc2009 proteins share homology with multiple entries in the databases
and therefore only the most significant phage-related hits are indicated.
CHP: conserved hypothetical protein.
PRP: phage-related protein.
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progressive stages of the phage life cycle (see Fig. 1):
those transcribed to the right (top strand) represent ORFs
that encode proteins presumed to be involved in establish-
ment of the lytic life cycle, followed by genes implicated
in replication, packaging, phage morphogenesis, and
finally host lysis.
Similarities and predicted functions of identified ORFs
Several genetic and structural components of Tuc2009
have been the subject of previous studies and therefore such
ORFs/DNA sequences will be only briefly considered. Onthe basis of homology comparison with sequences in the
database, putative functions could be assigned to several
other genes (see below, Table 1). Individual genes of interest
have been grouped according to their life cycle-specific
function and are discussed below (Fig. 1).
Lysogenic genes
ORF 1 encodes the Integrase and has been shown to
mediate integration of plasmid DNA that carried the
attachment site attP (coordinates 1–9) into the chromosome
of a lactococcal strain (van de Guchte et al., 1994a).
ORF 2 encodes the superinfection exclusion gene of
Tuc2009 (sie2009), the expression of which has been shown
Fig. 1. Schematic representation of the genome of Tuc2009 showing identified ORFs and features. The direction and position of the arrows is representative for
the orientation and the reading frame in which they occur. Red-colored arrows represent ORFs for which a function has been assigned from experimental data.
Green-colored arrows represent ORFs for which a function has been tentatively assigned from amino acid identity with proteins in the databases. Unshaded
arrows represent ORFs for which no function has been assigned. Shaded boxes on the scale line indicate intergenic regions larger than 100 bp, hatched boxes
represent genomic regions amplified by PCR and used as probes for Northern analysis. Transcripts and the times at which they are visible are indicated below
the scale line.
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of the 936 phage species (McGrath et al., 2002).
The deduced protein sequence of ORF 4 contains an N-
terminal helix-turn-helix DNA binding motif and displays
significant homology to several phage repressor proteins
(van de Guchte et al., 1994b).
Early lytic genes
The deduced amino acid sequence of ORF 5 is identical
to ORF 76 of LC3. This protein has been shown to play a
role analogous to that of the lambda cro protein, in that it
competes with the repressor protein for binding to operator
sequences in the genetic switch region of the phage, thereby
influencing transcription from two divergent promoters
(Blatny et al., 2001).
Homology comparison showed that the deduced protein
of ORF 6 displays significant similarity to a putative anti-
repressor of the streptococcal phage TP-J34 (Table 1),
which in turn is similar to the anti-repressor of phage P1.
The protein product of ORF 6 corresponds to the previously
identified phage structural protein MP3 (Arendt et al.,
1994). However, it has subsequently been determined thatMP3 is unlikely to form part of the Tuc2009 virion structure
and was erroneously ascribed this function due to its high
intracellular concentration immediately before cell lysis
which resulted in its contamination of purified phage
particles (Mc Grath et al., unpublished data).
Replication
This region contains the information that is assumed to
be involved in DNA replication of phage Tuc2009 and has
been described previously (McGrath et al., 1999). The
deduced protein products of ORF 14 and ORF 15 were
putatively identified as a topoisomerase and single-
stranded DNA binding protein, respectively. ORF 16 was
assigned the function of replisome organizer protein
(Rep2009) while the presumed origin of replication
ori2009 was demonstrated to lie within the rep2009
encoding DNA sequence. Transcription of ORF 17 is
essential for Tuc2009 DNA replication and it has been
proposed that the protein product of this gene fulfills a
functionally homologous role to the E. coli DnaC protein
(McGrath et al., 2001). ORF 18 specifies a protein with
significant similarity to a methylase while the gene product
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shown to function as a DNA structure-specific endonu-
clease that resolves Holliday junction intermediates formed
during DNA replication (Sharples et al., 2002).
The deduced protein sequence of ORF 25 shows
significant similarity to a large family of dUTPases (EC
3.6.1.23) of bacterial, viral, and eucaryotic origin. These
dUTPase-like genes are highly conserved among P335-
type lactococcal phages and it has been proposed that they
may represent a suitable target for primer design in a
PCR-based phage detection system (Labrie and Moineau,
2000).
Packaging
ORFs 30, 31, and 32 display features of the small and
large subunits of terminase complexes that are required for
packaging of DNA in phage heads (Fujisawa and Morita,
1997). ORFs 31 and 32 show homology to single putative
large terminase subunits (LTS) of the P335-type lactococcal
phage TP901-1 and ul36 with similarities of 93% and 91%
over 461 amino acids, respectively (Brondsted et al., 2001;
Labrie and Moineau, 2002). It is probable that ORFs 31 and
32 of Tuc2009 represent a single LTS-encoding gene, the
translation of which is facilitated via read-through or
suppression of the UAG stop codon. It has been shown
that the efficiency of translation termination is influenced by
local contexts surrounding stop codons (for reviews, see
Bertram et al., 2001; Namy et al., 2004). Indeed, it has been
demonstrated for murine leukemia virus that in certain
circumstances glutamine may be inserted in response to
UAG (Yoshinaka et al., 1985), whereas in tobacco mosaic
virus the UAG stop codon may be misread by tRNATyr
(Zerfass and Beier, 1992). Interestingly, a UAG stop codon
has also been identified in the LTS-encoding gene of the
uninducible Lb. plantarum prophage LP2 (Ventura et al.,
2003). The deduced product of ORF 33 shows significant
similarity to the experimentally verified portal protein of
phage SPP1 (Table 1) (Isidro et al., 2004; Tavares et al.,
1992), with ORFs 32 and 453 predicted to fulfill analogous
functions in TP901-1 and ul36, respectively. Portal proteins
are structurally associated with the phage capsid and
facilitate DNA packaging during head assembly (Fujisawa
and Morita, 1997).
Database searches revealed high levels of homology
between the Tuc2009 region encompassing ORF 24
through ORF 32, and a chromosomal region of L. lactis
strain S114 surrounding the gene encoding the abortive
infection mechanism AbiN (Prevots et al., 1998), of which
no homologue was detected on the Tuc2009 genome. A
similar observation has been noted for the closely related
phage TP901-1 where a chromosomal region specifying
ORFs 18–32 was found to be homologous to the abiN
operon, with the exception of the abiN gene, congruent to
the finding for Tuc2009 (Brondsted et al., 2001). Based on
previously observed homologies between the AbiN region
and r1t, it has been suggested that the chromosomal regionof S114 that encodes AbiN is part of a prophage in the
chromosome. The lack of sequence homology between r1t
and the DNA region following abiN was taken as an
indication that this prophage had been subject to DNA
rearrangements (van Sinderen et al., 1996). However, the
extended region of homology observed between TP901-1
(Brondsted et al., 2001) and Tuc2009 with the abiN
operon suggests that the prophage in S114 may still be
intact. The location of the abiN gene, whose gene product
in high dosage was shown to interfere with phage
proliferation, occupies an equivalent location to ORF 28
of Tuc2009. This location suggests an involvement in the
regulation of transcription in a manner similar to that
found for phi 31 (Walker and Klaenhammer, 1998) and
bIL41 (Parreira et al., 1996).
Structural components
The genes found within this region have all been
putatively or experimentally identified as encoding struc-
tural proteins and high levels of gene order and sequence
conservation are observed with TP901-1 and ul36 (Labrie
and Moineau, 2002). ORFs in this region that have been
ascribed functions include ORF 36 (scaffolding protein),
ORF 37 + 39 (major head protein MP4, see below), ORF 44
(MP2 structural protein, Arendt et al., 1994) and ORF 45
(major tail protein). ORF 48 is significantly similar to the
tail tape measure protein (TMP) of TP901-1 (78% identity
over 1025 aa’s). This protein is important for assembly of
the TP901-1 phage tail along with determining the tail
length (Pedersen et al., 2000). ORF 50 encodes a protein
which displays similarity to several endopeptidases and was
recently assigned the name Tal2009 (tail associated lysin of
Tuc2009). It was demonstrated that Tal2009 is situated at the
tip of the phage tail and is capable of degrading the host cell
wall (Kenny et al., 2004). ORF 51 encodes a putative minor
structural protein.
The proteins specified by ORFs 52 and 55 share two
conserved regions (VS1 and VS2) which have been
identified in modular structural proteins of many phages
infecting different LAB (Crutz-Le Coq et al., 2002). These
regions flank a variable domain, which has been proposed to
play a role in host-range determination. Indeed, Duplessis
and Moineau (2001) have experimentally demonstrated the
role of such variable domains in host cell recognition. ORF
52 displays localized significant similarity to putative tail
fiber proteins of the 936-type lactococcal phages bIL77 and
bIL170, whereas ORF 55 shares homology with a proposed
accessory fiber protein of bIL170 as well as several neck
passage structure proteins and host specificity proteins from
P335-type lactococcal phages. Furthermore, ORF 55 shares
weak homology with the myosin tail protein (pfam 01576) a
structural, filament-forming protein present in muscle tissue
of higher organisms. It is likely that ORFs 52 and 55,
possibly in conjunction with other Tuc2009 tail proteins,
play a crucial role in host cell recognition (for further
discussion, see Crutz-Le Coq et al., 2002; Duplessis and
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previously been identified as a major structural protein
(MP1) (Arendt et al., 1997) and shares amino acid identity
with the experimentally determined baseplate protein of
TP901-1 (Pedersen et al., 2000).
Lysis
These ORFs represent the S and lys genes, which
encode the holin and lysin, respectively, and are required
for host lysis before release of phage progeny (Arendt et
al., 1994; Sheehan et al., 1996). In a recent comparative
analysis, Labrie et al. (2004) have grouped the Tuc2009
holin with those of LC3, TP901-1, and TPW22 whereas
the Tuc2009 lysin was also grouped with lysins specified
by these phage along with that of ul36. These lysin
proteins contain an N-terminal signal peptide, a character-
istic shared by that of Lys44 of the Oenococcus oeni
phage fOg44 (Sao-Jose et al., 2000). It was demonstrated
that the Lys44 pre-protein can be secreted and cleaved by
the general secretion pathway in E. coli and lytic activity
in oenococcal cells is dependent on the mature processed
polypeptide. It has been proposed that these actively
transported lysins may position themselves at their site of
action as intracellular phage maturation progresses with
subsequent lytic activation by an as yet unidentified factor,
thus ensuring timely, rapid, and effective cell lysis (Sao-
Jose et al., 2000).A
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Fig. 2. (A) Agarose gel electrophoresis of RT-PCR products from RNA that was
gacttagtaaatccagaggtgc-3V) and 39B (5V-catcaccagataatgcggc-3V). (B) Schematic rep
covering ORFs 37, 38, and 39. The shaded regions indicate the genomic regions f
following excision of the intron sequence which is indicated with the hatched box
represent the oligonucleotide primers used in RT-PCR experiments (A).The gene encoding the putative major head protein is
interrupted by a group I intron
Closer examination of the DNA region separating ORF
37 and ORF 39 revealed that it contains conserved
sequences that are characteristic for self-splicing group I
introns (Cech, 1988). To determine if and when splicing
occurs, RT-PCR was performed with appropriate oligonu-
cleotides on RNA samples taken at different time points
after infection. Splicing was shown to occur from 25 min
after infection (Fig. 2A). Although no transcripts covering
this region could be visualized by Northern analysis before
35 min, RT-PCR products were obtained from 5 min
onward. To ensure that these products were not the result
of residual phage DNA being present in the samples, an
additional PCR reaction was performed on each of the
samples without treatment with reverse transcriptase. This
did not yield any visible products, indicating that the
observed products from the RT-PCR reaction were indeed
obtained from RNA present in the samples. These results
suggest that low levels of early transcription occur from a
late promoter but that splicing does not occur until 25 min
postinfection.
Sequence analysis of the spliced RT-PCR product
revealed that the RNA region that was excised started with
the last codon of ORF 37 and ended at the 14th codon of
ORF 39, thus excising ORF 38 entirely (Fig. 2B). The fused21322 21540 22183
39
21488
35 45 60
tein
isolated at set time intervals as indicated, using oligonucleotides 37A (5V-
resentation of the genomic region between coordinates 20052 and 22183,
rom ORF 37 and ORF 39 that are incorporated into the mature MP4 protein
. Genomic coordinates of interest are noted on the diagram. Closed arrows
Table 2
Probes, used for the identification of transcripts and transcripts that could be
detected
Probe Coordinates Transcripts detected
2 1336–1875 Y1, Y2
5 3010–3256 E1, E2, E3
9 4512–4756 E1, E2, E3
16 7096–7878 E3, E4, E5
28 12722–13144 E3, E4, E5, M2, M2’
29 13546–14376 M1, L
30 14449–14910 L
57 36568–37854 L
The number of the probe corresponds to the ORF with which it
corresponds.
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connected to ORF 39, thus forming the mature MP4-
encoding gene, which represents a protein of 30 kDa, close
to the experimentally determined size of 32 kDa (Arendt et
al., 1994). This mature MP4 protein is highly homologous
to the major head protein of TP901-1, which is encoded by a
single continuous gene (Johnsen et al., 1995). Furthermore,
a large part of this region (from ORF 36 to ORF 48) is
highly similar to that of TP901-1 and the lytic P335 phage
ul36, with the exception of the intron, which is specific to
Tuc2009 (Labrie and Moineau, 2002). These observations
suggest the relatively recent acquisition of the intron
sequence by Tuc2009. Group I introns are not uncommon
in bacteriophages (Edgell et al., 2000) and indeed have
previously been identified in other phages infecting LAB
(Mikkonen and Alatossava, 1995; van Sinderen et al., 1996;
Foley et al., 2000). Interestingly, the deduced proteinFig. 3. Northern blots of total RNA, isolated from UC509.9 cells that were infecte
points in minutes after infection at which the samples were taken. At the left, the
panel C, probe 28; panel D, probe 29; panel E, probe 30. Bands due to nonspecifi
asterisks.product of the excised ORF 38 shares a singular similarity
with ORF C of the Staphylococcus aureus bacteriophage
Twort (Table 1) (Landthaler and Shub, 1999). The orfc gene
encodes a protein of unknown function and is directly
adjacent to a gene containing three self-splicing introns.
This observation forges a unique genetic link between
Tuc2009 and phi Twort, the first phage described in
literature (Twort, 1915).
Transcriptional analysis of Tuc2009
To study (temporal) transcription for phage Tuc2009,
concentrated phage was added to the bacterial host at a
multiplicity of infection of 10 to ensure synchronous
infection. Samples were taken at regular intervals and
RNA was isolated and analyzed as described in Materials
and methods. DNA sequence analysis had revealed the
overall organization of genes including intergenic regions
and this information was used to design probes that were
strategically placed along the genome to analyze tran-
scription at set time points following infection. A second set
of probes was then used to establish approximate start and
endpoints of transcripts (Table 2) with primer extension
analysis employed to determine the 5V ends of transcripts.
The first transcript that was visible after infection was
detected with probe 2 (Fig. 3A). This immediate early (Y1)
transcript corresponds to the sie2009 gene and could be
detected in an RNA sample that was taken 2 min after
infection and persisted until lysis occurred. Primer extension
analysis mapped the 5Vend of the Y1 transcript to a T (Fig.
4). With this probe, a second weak transcript (Y2) encodingd with Tuc2009 at a m.o.i. of 10. The numbers at the top indicate the time
number and size (in kb) are indicated. Panel A, probe 2; panel B, probe 5;
c hybridization of probes with lactococcal ribosomal RNA are indicated by
**
Fig. 4. mRNA transcriptional start sites identified by primer extension analysis. Transcripts are labeled according to those identified by Northern blot analysis.
Arrows point to position of extension products on sequencing gels. The DNA sequence of these regions is included with 35 and 10 consensus sequences
underlined. 5Vends of transcripts are boxed with asterisks indicating start sites identified in LC3.
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samples that were taken at time points 5, 10, and 15 min
after infection. The 5Vstart of this transcript was identified as
an A (Fig. 4). With probe 5, one early (E) transcript of 2.5
kb (E1) could be detected after 5 min with two additional
transcripts originating from the same position (E2 and E3)
becoming visible after 10 min (Fig. 3B). Transcripts E2 and
E3 were also detected with probe 9, 10 min after infection
(data not shown), while transcript E3 could be detected with
probes 16 and 28 (data not shown, Fig. 3C). The 5Vend of
these transcripts were identified as an A (Fig. 4). Transcripts
E4 and E5 also hybridized to probes 16 and 28 (data not
shown, Fig. 3C). Transcripts E2 and E5 were only observed
in samples taken at 10 and 15 min after infection while
transcripts E4 and E5 were only clearly visible in samples
that were taken at 15 min after infection, whereas transcript
E1 persisted throughout infection. Two potential 5Vstart sites
were identified for E4 (Fig. 4), while attempts to identify the
5Vstart site of E4 were unsuccessful. Additional transcripts in
the middle region (M1 and M2) could be detected, using
probes 29 (Fig. 3D) and 28, respectively. The 5Vend of M1
was determined to be a T whereas two potential cytosines
separated by five nucleotides were identified as the main
initiation points for the M2 transcript (Fig. 4). A small
transcript (M2V) specifically hybridizing to probe 28 was also
detected from 15 min postinfection (Fig. 3C). These
transcripts persisted throughout infection and increased inintensity over time. The region that contains the structural
genes and the lysis cassette is transcribed from 35 min
onwards and first appears as a smear, indicative of a mRNA
transcript that is subject to degradation. A distinct and large
transcript (L) becomes visible after 45 min (Fig. 3E). This
transcript could also be detected with probe 29 following
extended exposure as well as probe 57 and probes
corresponding to ORF 31 and ORF 39 (data not shown).
These results lead us to conclude that the L transcript
originates from the same thiamine nucleotide on the
Tuc2009 genome as M1.
In total, Northern blot analyses resulted in the identi-
fication of 11 transcripts whose expression appears to occur
in a sequential and regulated manner. All genes assumed to
be required for the establishment of either the lytic or
lysogenic life cycle are transcribed within the first 5 min
following infection. The organization of this region is very
similar to that of LC3 with 98–100% amino acid identity
observed between the integrase, superinfection exclusion,
repressor, and cro proteins for both LC3 and Tuc2009.
Furthermore, the intergenic region between the repressor
and cro genes differs in only seven bases over the 229-bp
region. A detailed transcriptional analysis of this region in
LC3 has been reported and the size and 5Vstart sites of early
lytic transcripts are comparable to the observations pre-
sented here for Tuc2009 (Blatny et al., 2003), (Figs. 1 and
4). The main exception to this consensus is the identification
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integrase (Blatny et al., 2003). For Tuc2009, the integrase
appears to be encoded on a polycistronic transcript along
with the repressor and sie2009 genes, despite the presence of
a conserved sequence containing a putative factor-inde-
pendent terminator downstream of sie2009 (Petersen et al.,
1999).
A comprehensive transcriptional analysis has been
performed for the Tuc2009-related phage, TP901-1 (Madsen
and Hammer, 1998). The pattern of temporal transcription
derived from this investigation is in reasonably good
agreement with that of Tuc2009. However, several signifi-
cant differences were noted. All early transcripts that were
identified for phage TP901-1 initiate within the region
containing the genetic switch whereas several Tuc2009
transcripts originate at other intergenic regions on the
genome in a manner reminiscent of a transcription pattern
reported for the lactococcal phage sk1 (Chandry et al., 1994,
1997). Hybridization signals for late transcripts from both
phages appear diffuse, indicating processing or degradation
of the transcripts. However, only a single late transcript was
observed for Tuc2009 with three distinct transcripts
discerned for TP901-1. Furthermore, the late transcript of
Tuc2009 was determined to encode the phage holin and
lysin genes required for host cell lysis but attempts to map
transcripts encoding the homologous genes in TP901-1 were
unsuccessful (Madsen and Hammer, 1998).
The transcription analysis presented specifically relates
to the Tuc2009 lytic cycle. However, genes expressed from
lysogenized prophages in lactococcal genomes have been
analyzed in a similar manner (Blatny et al., 2003; Boyce et
al., 1995). Repressor-encoding genes are constitutively
transcribed in both LC3 and BK5-T lysogens, as are ORF
173 of LC3 and the proposed superinfection exclusion
encoding gene of BK5-T, ORF 258 (McGrath et al., 2002).
ORF 536 of BK5-T is located between the phage lysin and
integrase genes and was shown to be constitutively tran-
scribed in the lysogenized host. Many bacteriophage
infecting low GC content, Gram-positive bacteria have
been shown to contain such presumed lysogenic conversion
genes (LCG) at this position in their genomes (Ventura et
al., 2002). Generally, no discernible phage-related function
can be assigned and Canchaya et al. (2003) have proposed
that such genes may encode functions that increase the
fitness of the lysogenic host in its specific ecological niche.
Interestingly, ORF 58 of Tuc2009 is located between the
lysin and integrase genes of the phage with homologous
genes at similar positions in LC3 and r1t.Conclusion
With the determination of the complete nucleotide
sequence and the establishment of the transcriptional map,
combined with already published work on the molecular
characterization of various phage-encoded functions,Tuc2009 has become a well-characterized phage. Further-
more, the elucidation of a functional intron in conjunction
with the phages apparent ability to read through a UAG stop
codon demonstrates that these simplest of genetic entities
share molecular processes, that until relatively recently were
thought to be exclusively reserved for higher organisms.
However, several knowledge gaps still exist which may
become very useful in understanding how lactococcal phage
interact with their host. For example, no information is
available concerning the gene product(s) that are involved in
the initial contact with the host. Furthermore, the DNA
injection process is likely to require one or more phage-
encoded products, the identity of which has so far remained
elusive. Also, the molecular mechanisms driving phage
replication and transcriptional control are only partially
understood. Ongoing research in our lab is aimed at
elucidating these processes.Materials and methods
Bacteriophage, bacterial strains, and plasmids
Bacteriophage Tuc2009 was propagated on L. lactis
strain UC509.9 as previously described (McGrath et al.,
1999).
DNA manipulations and sequencing strategy
Bacteriophage DNAwas isolated as described by Stanley
et al. (1997). Plasmid DNA was isolated using the Qiagen
plasmid purification kit (Qiagen, West Sussex, UK) as
described by the supplier. Restriction enzymes and T4 DNA
ligase were purchased from Boehringer GmbH (Mannheim,
Germany) and used according to the supplier’s instructions.
Sections of the Tuc2009 genome were cloned into vector
pBluescriptSK+ (Stratagene, La Jolla, CA) by shotgun
cloning of restriction enzyme-generated fragments. E. coli
XL1-blue (Stratagene) was used as the cloning host.
Plasmid inserts were sequenced with the aid of an Applied
Biosystems 373A automated DNA sequencer (Foster City,
CA.) using synthetic primers [Applied Biosystems 391
DNA synthesizer (Foster City, CA) or an Oligo 1000 M
oligo synthesizer (Beckman Instruments)]. Remaining gaps
were closed by primer walking using Tuc2009 genomic
DNA or the recombinant plasmids as described above as a
sequencing template.
DNA sequence assembly and analysis
Assembly of sequences was achieved using the seqman
program of the DNASTAR software package (DNASTAR
1996 release software package, Madison, WI). Database
searches were performed with the programs BLASTN,
TBLASTN, and BLASTP (Altschul et al., 1997) with
sequences present in the latest release (1 March 2004) of the
J.F.M.L. Seegers et al. / Virology 329 (2004) 40–5250non-redundant databases found at the National Center for
Biotechnology Information website (http://www.ncbi.nlm.
nih.gov). The nucleotide sequence of a previous submission
to the genbank (McGrath et al., 1999) has been updated and
the entire nucleotide sequence of Tuc2009 can now be
accessed under number AF 109874.
RNA isolation
RNA isolation and detection was performed as follows.
Bacterial cells were grown to an OD600 of 0.15 at which
point CaCl2 was added to a final concentration of 10 mM.
Incubation was continued at 30 8C for 10 min after which
phage was added. To ensure synchronous infection of the
majority of cells, a multiplicity of infection of 10 was used.
Samples (6 ml) were taken at set time points following
infection. Cells were collected by centrifugation and cell
pellets were drop-frozen in liquid nitrogen. Following
sampling, the collected pellets for each time point were
resuspended in 500-Al buffer containing 20 mM sodium
acetate, 1% SDS, and 1 mM EDTA. The cell suspension was
immediately mixed with acid phenol/chloroform (1:1) that
was preheated to 65 8C and 200-Al glass beads (b100 Am,
Sigma). Samples were incubated for another 10 min at 65 8C
with repeated vortexing, followed by centrifugation at
maximum speed in a microcentrifuge for 10 min. The
aqueous phase was extracted once more with acid phenol/
chloroform, and transferred to an eppendorf tube, containing
96% ethanol. After incubation at 20 8C for at least 1 h,
RNA was collected following centrifugation in a micro-
centrifuge for 20 min at maximum speed. Pellets were
washed once with 70% ethanol and resuspended in TE buffer
(10 mM Tris, 1 mM EDTA, pH 8.0), supplemented with 10
mM MgCl. RNase-free DNase and RNase inhibitor were
added to a final concentration of 10 and 5 U, respectively.
Samples were kept at room temperature for 30 min after
which they were treated with buffered phenol/chloroform to
remove DNase and RNase inhibitor. RNA was precipitated
by the addition of 1/10 volume of 3 M NaAc (pH5.2) and
subsequent addition of 2.5 volumes of 96% ethanol. Samples
were placed overnight at 20 8C to ensure maximum yields.
After centrifugation, RNA pellets were washed with 70%
ethanol and allowed to airdry for 15 min. RNA was
resuspended in 11 Al DEPC-treated water, of which 1 Al
was used to determine RNA concentration. Yields were
generally in the order of 30–50 Ag RNA per sample.
Northern analysis
RNA samples were denatured with formamide and
formaldehyde (Sambrook et al., 1989) and separated by
agarose gel (1.2%) electrophoresis. Gels and running buffer
were essentially prepared as described by Sambrook et al.
(1989) except that both gel and buffer solutions contained
formaldehyde (final concentration 0.22 M). Gels were run
with a constant voltage of 60 V. After electrophoresis, RNAwas transferred to Hybond N+ membranes (Amersham) via
capillary transfer using 10 mM NaOH for 16 h. Membranes
were then washed twice with 2 SSC (Sambrook et al.,
1989). The enhanced chemiluminescence kit (ECL, Amer-
sham) was used for the detection of transcripts. Probes
(Table 2) were obtained via PCR, purified with the PCR
purification system (Boehringer) and labeled as described
by the manufacturer.
Primer extension analysis
Primer extension was performed by annealing 10 pmol of
5Vg-32P labeled synthetic 18-mer oligonucleotides to 50 Ag
of RNA as described by Pujic et al. (1998). Sequence
ladders, which were run alongside the primer extension
product, were produced using the same primer as the primer
extension reaction with the aid of the Sequenase sequencing
kit (Version 2.0) (US Biochemical).
RT-PCR
The Titan one-tube RT-PCR system (Boehringer) was
used for RT-PCR amplification of transcripts as recommen-
ded by the supplier. A standard PCR of each sample was
also performed as a negative control, using mastermix
supplied by Qiagen, to ensure the absence of DNA. Both
RT-PCR and standard PCR were performed using a Gene
Amp PCR system 2400 thermal cycler (Perkin-Elmer Cetus,
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